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OF CAMBER ON A 60° DELTA WING WITH
ROUND AND BEVELED LEADING EDGES

By John M, Riebe and Joserh E. Flkes
SUMMARY

An exploratory investigation to determine the aerodynemic effects
of camber on a 60° apex delte—wing model has been conducted in the
Langley 300 MFH 7— by 10-foot tunnel. Cember varlation was accom—
plished through the deflection of full—spsn round and 25° beveled
leading-edge flaps on a flat-—sldsd triangular plen—form wing.

The maximum lift—drag ratlic for the delta wing with no flap
deflection was about 8.2 for both leading—edge shapes at a Reynolds

number of 3 X 105, An increase up to 28 percent in lift—drag ratio
occurred in the 0.2 to 0.3.1lift—coefficient range for 20° flap
deflectlong. Flap deflectlions resulted In smell wing trim changes but
d1d not greatly affect the longltudinal stabllity through the stall.

Deflecting the leading-edge flap to 30° reduced the maximum _
effective dlhedral to.about half the flap-neutral valus and resulted in
negetive effective dlhedral below 1lift coefflcients of 0.3.

INTRODUCTION

It has been indlcated from recent research on wing plan forms
_suitable for moderate supersonic flight that the low—speed longltudinel
stabllity problems of the triangular plen~form wing appear to be less
severe than for the conventionsl sweptback wing; because of 1ts high

taper and low aspect ratlo, the triangulsr wing alsoc has definite
structural advantages over the conventlonal swept wings.
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Theoretlcal calculations end experimental studles have shown that
such wing plan forms will develop lift—drag ratlos at supersonic Mach
numbers which are sufficlently high for flight, being, however,
gonerally lower than those of other plan Torms. Low—gpeed research has
algo Indicated poor landing characteristics of delts plan forms because
of the relatively low lift—drag ratlos, particularly in the high-1ift
condition,

The results of a theoreticael study of triangular wings (refer—
ence 1) and a pressure-distribution investigation (reference 2) show
that high loadings occur along the leadlng edge of triangular wings.
These high loadings and thelr assoclated adverse pressure gradlents
result in separatlon over the leading-edge portion of the wing and
develop vartices that flow back over the wing (references 1 to 5) even
at relatively low liftas.

The present Investlgsatlion made in the Langley 300 MFH 7— by
10-foot tunnel is .a preliminary study almed at increasing the low—apeed
l1ift—dreg ratlo by incorporating camber into a 60° delte wing. Camber
was gimulated for this Investigatlon by deflecting full-span leading—
edge flaps in an effort to reduce the high peak pressure along the
leading edge asnd thus retard the separation effects. The conflguratlion
tested was chosen as the flrst attempt at solving this problem because
1t approaches a conical shape, which was belleved to be efficient in
unloading the leading edge, and because of ite structural simplicity
compared to other leading-edge flaps considered.

COEFFICIENTS AND SYMBOLS

The results of the tests are presented as standard NACA coef—
ficients of forces and moments about the stabllity azxes. Pitchlng—,
yawing—, and rolling-moment coefficlents are glven about the wing
25—-percent—-mean—aerodynamic—chord polnt as shown in flgure 1. The
positive directions of forces and momenis are shown in figure 2.

The coefflcients and symbols are defined as follows:

Cg, 1ift coefficlent (L/qS)
Cp drag coefficient (D/qS)
Cy lateral—force coefficient (Y/qS)

Cy rolling-moment coefficient (L'/qbS)
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pitching-moment coefficient (M/gSS)

yawing-moment coefficient (N/gbS)
1ift, pounds (-Z)

drag (=X when V¥ = 0), pounds
force along X—axis, pounds

force along Y—axis, pounds

force along Z—exls, pounds
rolling moment, foot—pounds
pltching moment, foot—pounds
yawing moment, foot—pounds

free—stream dynamic pressure, pounds per square foot (%-p‘fe)
wing ares (3.67 sq £t)

b /2
wing mean aerodynamic chord (M.A.C.) (1.68 £t) % LE c2ay

wing span (2.91 ft)
free—stream veloclty
Reynolds numbsr

leading-edge flap deflection measured perpendicular to hings
line, degrees

aengle of attack of wing with respect to chord plane at root of
model, degrees

local wing chord, foot

lateral distance from plane of symmetry, measured parallel to
Y-axls, feet
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The subscripts o and V¥ indicate the factor held constant.
APPARATUS AND MODEL

The model was tested in the Langley 300 MPH 7— by 10—foot tumnnel
on a single strut as shown in flgure 3.

The general arrangement of the 60° delta~wing model with round and
beveled leading edges 1s shown in figure 1. The wing had a 60° apex
angle and the aspect ratio was 2.31. The model was made from a flat
steel plate 1/2 inch thick and had a fixed beveled tralling edge with
‘an included angle of 10°, The flat alrfoill was used because of simple
construction, and, because of the preliminary aspect of the investi-
gation, 1t was felt that a flat plate would suffice. The model was
interchangeably equlipped with elther a 0,.25-inch radius or a beveled
leading-edge flap with an included angle of 25°. Each leading—edge
fiap was attached to the maln body of the model by means of a brass
strip in the lower surface of the wing which also served as a hings.
For the flap-deflected conditlon, the upper—surface gap between the flap
and the wing was fllled wlth wax to a circular contour which weas
tangent to the surface of the flap and the wing.
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TESTS

Test Condlitions

The tests were made 1n the Langley 300 MPH T= by 10—foot tunnel at
dynamic pressures of approximstely 25 and 100 pounds per square foot,
corresponding to airspeeds of about 100 and 200 miles per hour.
Reynolds numbers for these alrspseds, based on the mean serodynsmic

chord (1.68 £t) of the 60° delta wing, were approximately 1.5 x 106

and 3.0 X 106, respectively. Corresponding Mach numbers were 0.13
and 0.27. The tests were run throughout a range of angles of attack
of 0° to L40°, and through a —5° to 20° yaw range.

Corrections

Blockling, Jet—boundary, and alr-—stream~inclination corrections
have been applied to the data. The Jet—boundary corrections were
obtained from methods outlined in reference 6. These corrections are
strictly applicable only to wlngs of larger spen and aspect ratlo.
However, 1t 1s belleved that the error in using these corrsctlons for
the present setup 1ls negliglble. The effects of the support strut,
which were determined by using an imags system, have been subtracted
from the data; no tares for the effects of yaw have been applled to the
yaw data.

RESULTS AND DISCUSSION

The aerodynamic charecteristics in pltch of the 60° delta~wing
medel wlith round and beveled leading—edge flaps ere presented 1in
figures 4 and 5, respectively; lift—drag ratlos are presented in
figures 6 and 7. The original data for B8, = 0° (fig. k(a)) were

re jected because of extremely large scatter of the test data resulting
from temporary malfunction of the wind—bummel .scale system. The test
was later rerun for only part of the angle—of—attack range as shown.
Aerodynamic characteristics in yaw are glven in figures 8 and 9, and
lateral—stability parameter variatlons with 1ift coefficient are given
in figures 10 and 11. Longltudinal and lateral—stabllity paremeters

é¢stermined at a Reynolds number of 3.0 X 106 are presented Iin table I.
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Lift

Leading—edge flaps undeflected.— The lift~curve slopes near zero
1ift coefficient for the 60° delta wing with round leading edge and
beveled leading edge, &n = 09, were 0.046 and 0.O4k, respectively, at

a Reynolds number of 3.0 X 106. (See figs. 4(b) and 5(b).) These values
agreed closely with slopes predicted by Krienes theory for low—aspect—
ratio highly tapered wings (fig. 5 of reference 1) and with results

from other tests on similar plan—form wings (references 4 and 5). As
with other highly swept low-aspect—ratlo wings, the lift—curve slope

was greater in the middle part of the angle—of-attack range because of
more rapld loading et the tips resulting from strong lateral flow
(reference 2). The maximum 1ift coefficient for the round leading—

edge airfoll, &, = 0°, was about 1.28, occurring at about 33° angle

of attack. The beveled leading-edge ailrfoil, 8, = 0°, had a maximum

1ift coefficlent which was slightly less, about 1.22 at a Reynolds number
of 3.0 X 106. Ths Reynolds number range covered in the present inves—
tigation, 1.5 x 10° to 3 x 106, affected OLpyey OPLY slightly. The
similerity In CLmax for the two nose shapes at the Reynolds numbers

of the present Investigation may not hold at full-scale Reynolds

numbers, becauge vartex flow caused by leading—edge separatlon occurs
at both high and low Reynolds. numbers ‘Over sharp leading—sdgé*aelta

wings. (See references 3, 5, end 7.) The manner in which separation
Tesults I1n the occurrence of vortices 1s dilscussed in detail in
references 3 and 5. In essence, however, the vortices maintain the -
1lift to higher angles of attack by delaying tralling-edge separation. s
Because round leadlng-edge delta wings do not exhlibit leading—edge

separation at high Reynolds numbers, lower maximum 1ift coefficients

occur.,

Teading—edge flaps deflected.— Deflecting the leadlng-edge flaps

resulted in a progressive decrease in slope of the 1lift curve for both
leading-edge conditlons. The change I1n angle—of—zero 1l1ft with flap
deflectlion wes as would be expected since deflection of leading-edge
flaps results in essentiaslly a decrease in angle of sattack. Although
flap deflectlon resulted in a decrease in 1ift at all angles of attack,
the wing with flap deflected gave about the sams maximum 1ift coeffi—
clent as the plain wing. Large—scale tests on a 60° delta wing with
biconvex alrfoll sections (reference 8) indicated incresses in maximum
lift coefflclent with deflectlon of leedingedge flaps extending almost
full span with a large portion of the flap area near the spex. Practi-
cally no increages in maximum 1ift coefficient up to 20° deflection
and large decreases after 20° deflection occurred for flap deflection
confined to the region of the apex.
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Lift—drag ratios.— Leading-edge flap deflections up to 60°
resulted in a progressive decrease in 1ift coefficlent at a glven angle
of attack below the stall, and for flap deflections up to 309, resulted
in decreases in drag coefficient. The proportional reductions in drag,
however, were gresater than the proportional reductlons in 1ift at low
angles of attack, resulting In an increase of lift—drag ratlo at low—
1ift coefficlents. (See figs. 6 and 7.) The maximm increase Iin 1lift—
drag ratio was about 28 percent, occurring in the 0.2 to 0.3 lift—
coefficient range; L/D was about 8.2 for the wing with both round and
beveled leading—edge flaps at 0° and about 10.5 for the optimum flap
deflection, 20° for both leading edges at a Reynolds number

of 3 X 106. The maximum values of L/D wers not critically dependent
upon flap deflectlon in the 10° to 30° Plap—deflection range and were
generally about the sams for both leadlng-edge shapes. However, flap
deflections of 40° and greater had lift—drag ratios which were
generally lower than those of the plain wing. The values of L/D for
the present investigation were lowesr than those obtained 1n othsr
investigations at high Reynolds numbers. (See references 4 and 7.)
However, according to reference L, Ilncreasing Reynolds number resulted-
In an increase In 1ift-drag ratio because of skin-friction drag—
coefficient decrease. The lift—drag ratlos of reference L are
acknowledged to be higher than those of reference 7, probably because
of the method of testing. If the trend of the curves wlth Reynolds
number 1s considered (decrease in L/D ratio wilth decrease in
Reynolds number) with the lower lift—drag ratios of other delta~wing
data (reference. 7), the lift-—drag ratios for the wing of the pregent
Investigatlon are of the right order of magnitude. For several
defléctions of the beveled leading-edge flap, higher maximum lift—drag
ratios were obtained at lower Reynolds number. (See fig. 7.) It is
not known why the effect of Reynolds number on lift—drag ratio ls
different from that shown in reference 4 and from that of the round
leading—edge ‘delta wing. (See fig. 6.)

Theoretical considerations (reference 1) and pressure distributions
(reference 2) indicate that delta—wing plan forms have high negative
peak pressures along the leading edge and span—loasd distributions of
elliptical shape, resulting In minimum "induced drag. As mentioned
previously, separation and vortex flow orlglinating at the apex accur
over the upprer surface of the delta wing through a large part of the
lift—coefficlent rangs. Thls results 1in increased turbulence and
profile drag. Although the vortex type of flow 1s necessary at high
angles of attack to delay trailingedge separetion and thus maintaln
high maximm 11ft coefficients (reference 3), the vortices are
unnecessary &t lower angles of attack. The effect of the leading-edge
flaps in increasing the lift—drag ratio (indicated in the present tests
at low angles of attack), probably resulted from alleviation of the
leading—edge separation and the resulting vortlces, thereby giving =a
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reduction in turbulence and proflle drag. Somewhat similar conclusions
woere reported in reference @, where larger lift—drag ratios were
obtalined by addling camber to a clrculer plate and were attributed to a
reduction of vortex separation.

The induced drag was slready near minimum for 0° flap deflection
(references 1 and 2), so any reduction of drag caused by a span loading
more nearly elliptical was probably small. Evlidently, the proporticnal
reduction in the profile—drag part of the lift—drag ratio was larger
than the proportional decrease 1n lift which resulted from the
reduction of the high peak pressures along the leadlng edge. At
present, these theorles lack experlmental verification. Reynolds
numbey will also affect the engle of attack at which leading—edge
separaetion flrst occurs; the characteristics of camber in
increasing L/D may therefore be dlfferent on full-gcale models as
was shown in refersnce 8.

Alr—flow gstudles.— In order, to evgluate the reduction and delay
of vortex separation over the delta wing with flap deflection,
additional tests were made in the form of boundary--layer flow studles,
using lempbleck and benzine on the wing wilth beveled lesding—edge flap
undeflected and deflected 20°. (See fig. 12.) The patterns shown are
belleved to be those produced by the bottom of the vortex flow
(described in references 3 and 5) in contact with the surface of the
model. The majority of the flow photogravhes were taken after the
benzine had evaporated or had been blown from the model leaving & trace
of the boundary air flow in the lampbleck. However, in some cases
where the vortex pattern was more clearly indicated during evaporation
there are two photpgrarhs at a given angle of attack; the partial—
evaporation photograph alwaye precedes the complete—evaporation photo—
graph. The portlon of the lampblack—benzine coating on the wing
affected by the vortex flow was alweys the first to evaporate, as shown
in the first photograph of some of the sets, (for example a = 8°,
fig. 12); this early evaporation would be very unlikely if the pattern
Indicated on the photographs was merely cross flow. Vortices were
also indicated by probing the model with a wool streamer. The
streamer would rotate in and near the reglon of vortices indicated by
the lampblack tests and in a dlrectlion toward the wing tip near the
surface of the modsl. The height of the vortices was lndlcated to be
such that the core would be on a llne above the wing surface, when
viewed from the slde, at an angle epproximately equal to one—third the
engle of attack, similar to that shown 1n reference 5.

In figure 12, wilth flaps undeflected, the vortex pattern is very
slight at « = 3°; and at o = 5° (the angle of attack of
maximm L/D, flaps 0) the vortex becomes quite evident. As the value
of o 1is increased, the outlline of the vortlces becomes wider and the
inner boundary moves inward to the center of the model. With flaps
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deflected 200, the start of the vortex was delayed to an angle of
attack of sbout 8°. After the vortex began, its progression was very
gsimilar to the vortices progression at the lower angles of attack with
flaps undsflected. Comparison of the two flap deflectlons at a glven
angle of attack indicates a larger vortex for the flap—undeflected
condition.

The results shown wlth the lampblack and benzine tests agree
closely with the tuft studies shown in figures 13(a) and 13(b). In
Pigure 13(a), with the flaps undeflected, the flow first becams rough
et about 2° near the apex and then the roughness spread along the
leading edge and progressed. inward to the center of the modsl as the
angle of attack was increased. This rough air is attributed to partial
geparation and the vortex flow. The stall first occurred at the tips
at or near an angle of attack of 27° and spread alohg the leasding edge
and izénorard from the tlps until the model was completely stalled at
a = 3G-.

In figure 13(b), with the flaps deflected to 3006 the onset of the
rough alr flow was delayed to an angle of attack of 7, where it first
occurred along the leading edge near the apex of the model. These
results agree with those obtalned from the lampblack tests in that the
camber delays the partial separation and the occurrence of turbulent
vortices to a higher angle of attack. From the angle of attack where
the rough alr flow first occurred, the pattern of rough air and stall
progression was simlilar to the pabtern with flaps undeflected, with
complete stall at o = 38°.

It appears from the resulis of the force, lampblack, and tuft
tests that improvement in lift—drag retio may also be provided at
higher 1ift coefficlents by delaying the staxrt of the vortices to still
higher 1ift coefficlents up to the angle of attack at which they are
necessary to prevent tralling-edge stall. The delay might be obtalned
by introduction of camber in the wing leading-edge flaps combined wlth
more flap area in the reglon of the apex. Hlgher lift—drag ratios at
maximum 11ft might be obtained by using slots to prevent trailing-edge
stall and eliminate Tthe apex vortices throughout the entire 1lift range.

Longltudinal Stebility

The pitching-moment curves of figures L and 5 generally did not
show irregularities as sovere as those found for delte—wing models at
high Reynolds numbers and high angles of attack {(refersences 5 and T);
the separation on the subject wing started more gradually and was not
as abrupt as that lndlcated for the reference wings.
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The model was longltudinally stable up through the stall angle for
both nose shapes and all flap deflections, & characteristic generally
found on delta—wing models. Deflecting the flaps wilth either nose
shape, variled the slope of the pltching-moment-coefficlent curve only
slightly and resulted in positive incremonts in pitching moment. How—
ever, the flaps would be unsatisfactory as a trim device because of
the small increments and because of irregular and reversed
effectivensss for large deflections. The small positive Increments in
pitching moment with flap deflection probably resulted from an
unloading of the leadlng-edge flaps; this unloading was more effectlve
at the rear part of the wing where the flap area was larger. Wlth some
alterations, such as increased flap area near the apex, it may be
possible to design a flap gliving no trim change.

Lateral Stabllity

The aerodynamlc characteristica of the delta wing in yaw showed
only small variastlon with flap leading-edge shape but generally large
effects of flap deflection. (See figs. 8 to 11.) The lateral—
stability coefficients varied fairly linearly with angle of yaw at
10° angle of attack (figs. 8 and 9) and did not drop off in the yaw
range tested.

As 1s the usual case for highly swept wings of high tapsr, large
changes in the effectlve dihedral CZ$ occurred throughout the 1lift

range (figs. 10 and 11); the parameters were determined in the -5 to
5° yaw range. Negative effective dihedral was present at 1ift coef-—
ficlents above 1.04 for the wing with round leading-edge flap at 0°.
The values of CI¢ for the delta wing with beveled leading-edge flap

flap at 0° varied in a msnner similar to those for the round leading—
edge wing except that the maxlimum value of Cz* was less and negative

effective dihedral occurred at a lower 1ift coefficlent (0.92).
Deflection of the nose flaps to 30° reduced the effective dlhedral
throughout the 1ift range for both leading-edge shapes. The maximum
positive effective dihedral for the wing with 30° leading-edge flap
deflection was about half that of the 0° flap-deflection condition and
occurred at higher angles of attack.

The dlrectional stability of the delta wing, as determined
by Cpy, was about the same with or without camber throughout the 1ift.

range and increased slightly with lift coefficlent up to about Cp, = 0.8.
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The paramster CY\}I increased uniformly with 1ift.coefficlent for

the delta wing with no camber. Ths varlatlion of CY,;- with 1ift coef-—

ficient for both leading—edge shapes deflected 30° showed a decrease up
to about the middle of the 11ft range and then showed a large lincrease
wlth 1ift coefficient.

CONCLUSTONS

The results of tests in the Langley 300 MPH 7— by 10—Foot tumnel
to determine the effect of camber on a flat—plate 60° apex—angle delta
wing accomplished by deflectlion of full—spen round and beveled leading—
edge flaps indicated the following conclusions:

l. In the 0.2 to 0.3 lift—coefficlient range, up to 28 percent
increage in lift—drag ratlo was obtalned for a 20° deflection of eithsr
the beveled or round leading-edge flap.

The values of lift—dreg ratio were not critically depenient upon
flap deflections in the range from 10° to 30°.

2. The values of Cg were almost independent of nose—flap

deflection. The angle of attack for maximm 1ift increased with flap
deflection.

3. Flap deflections resulted in small trim changes but did not
greatly affect the longitudinal stability.

t, Flap deflectlons dld not'va.ry the slight amount of directional
stabllity inherent in the delte~wing model but reduced the effective
dihedral,

Langley Aeronautlcal ILaboratory
Natlonal Advisory Commlttee for Aeronsutlcs
Langley Air Force Base, Va.



12

NACA RM LOF10
REFERENCES

Jones, Robert T.: Properties of Low-Aspect—Ratlo Pointed Wings at
Speeds below and above the Speed of Sound. NACA Rep. 835, 1gh6.

Wick, Bradford H.: Chordwise and Spanwlse Loadings Measured at Low
Speed on a Triangular Wing Having an Aspect Ratio of Two and an
NACA 0012 Airfoll Section. NACA TN 1650, 1948.

Wilson, Herbert A., Jr., and Lovell, J, Calvin: Full-Scale Investi-
gation of the Maximum Lift and Flow Characterlstics of an Airplane
Having Approximstely Triangular Plan Form. NACA RM L6K207, 19k7.

Edwerds, George G., and Stephenson, Jack D.: Tests of a Trianguler
Wing of Aspect Ratic 2 in the Ameg 12-Foot Pressure Wind Tunnel.
I — The EfTect of Reynolds Number and Mach Number on the Aero—
dynamic Cheracteristics of the Wing with Flap Undeflected. NACA
RM A7KO05, 1947.

Anderson, Adrien E.: An Investigation at Low Speed of a Large-Scale
Triangular Wing of Aspect Restlo Two. — II. The Effect of Alrfoll
Sectlion Modiflicatlons and the Determination of the Wake Downwash.
NACA RM ATH28, 1947.

Gillis, Clarence L., Polhamus, Edward C., and Gray, Joseph L., Jr.:
Charts for Determining Jet—-Boundary Corroctions for Complete
Models in 7-— by 10-Foot Closed Rectangular Wind Tunnels. NACA
ARR I5G31l, 19k5.

Anderson, Adrien E.: An Investligation at Iow Speed of a Large—Scale
Triangular Wing of Aspect Ratlo Two. — I. Characteristics of a
Wing Having a Double—Wedge Airfoll Section with Maximum Thickness
at 20-Percent Chord. NACA RM ATFO6, 19h4T7.

Whittle, Bdwerd F., Jr., and Lovell, J. Calvin: Full-Scale Investl-
gation of an Equilateral Triaenguwlar Wing Having 10-Percent-Thick
Biconvex Airfoll Sections. NACA RM L8GO5, 1948,

Winter, H.: Flow Fhenomens on Plates and Airfoils of Short Span,
NACA TM 798, 1936.



NACA RM I9F10

e

[
)
|
T
]
]

1

iount

TABLE T
LONGITUDINAL— AND TATERAT~STABITITY PARMMRS FOR DELTA

WING WITH ROUND AND BEVELED LEADING-ELDGE FLAPS

AP [R ® 3.0 x 105]

1

a a b b b
Leading edge (Zgg) 1/3 | Wm/3L| /o¥| n/A¥| y/ov
Round o] 0.046 ~0.086 | 0.0019 | -0.0003| 0.0015
Round 30 oh1 ~.086 | O —.0003 | .001T7
Beveled 0 oLk -.082 .0011_5 -.0003| .0006
Beveled | 30 .039 -.095 | .0002 -.0003 .00o1l

- e

bq, = 10°.

iz 90
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Flap hinge Axes>\/7/
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34.93 \
10° Beveled

Trailing Edge

¥
i 050"
1)

~TRE
0.25R.
Section A-A (With flap def_lected.)

(2) Round leading—edge flaps.

Figure l.-— General srrangement of 60° delta wing model.
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) Flap hinge Axesw

Mowment Center
0.25 M.A.C.
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D 7)Y Y L ——

4—:5!1-—4
= 20.14

\ 0" Beveled

Tvai{ing Edge
Wax

250

e

] Section A-A (With flap deflected)

- (b) Beveled leading—edge flaps.

Filgure l.— Concluded.
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Flgure 2.— System of stablllty axes. Posltlve values of forceés, moments,
and angles are Indicated by arrows.
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(2) Front view.

Figure 3.— The 60° delta-wing model with full-span round leading—edge flaps deflected 30°, mounted in
the Langley 300 MPH T— by 10-foot wind tunnel.
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(b) Rear view.

Figure 3.— Concluded.®
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Figure 4.— Asrodynamic chasracteristics in pitch of 60° delta wing with
full—span round leading—edge flaps.
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Figure L4.— Continued.
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Flgure 10.— The lateral—stabllity parameters of a 60° delta wing with

full—gpan round lsesading—edge flaps.
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